Introduction: In this study, we assessed the precision and trueness of dental models printed with 3-dimensional (3D) printers via different printing techniques. Methods: Digital reference models were printed 5 times using stereolithography apparatus (SLA), digital light processing (DLP), fused filament fabrication (FFF), and the PolyJet technique. The 3D printed models were scanned and evaluated for tooth, arch, and occlusion measurements. Precision and trueness were analyzed with root mean squares (RMS) for the differences in each measurement. Differences in measurement variables among the 3D printing techniques were analyzed by 1-way analysis of variance (a 5 0.05). Results: Except in trueness of occlusion measurements, there were significant differences in all measurements among the 4 techniques (P\0.001). For overall tooth measurements, the DLP (76 6 14 mm) and PolyJet (68 6 9 mm) techniques exhibited significantly different mean RMS values of precision than the SLA (88 6 14 mm) and FFF (99 6 14 mm) techniques (P \0.05). For overall arch measurements, the SLA (176 6 73 mm) had significantly different RMS values than the DLP (74 6 34 mm), FFF (89 6 34 mm), and PolyJet (69 6 18 mm) techniques (P \0.05). For overall occlusion measurements, the FFF (170 6 55 mm) exhibited significantly different RMS values than the SLA (94 6 33 mm), DLP (120 6 28 mm), and PolyJet (96 6 33 mm) techniques (P \0.05). There were significant differences in mean RMS values of trueness of overall tooth measurements among all 4 techniques: SLA (107 6 11 mm), DLP (143 6 8 mm), FFF (188 6 14 mm), and PolyJet (78 6 9 mm) (P \0.05). For overall arch measurements, the SLA (141 6 35 mm) and PolyJet (86 6 17 mm) techniques exhibited significantly different mean RMS values of trueness than DLP (469 6 49 mm) and FFF (409 6 36 mm) (P \0.05). Conclusions: The 3D printing techniques showed significant differences in precision of all measurements and in trueness of tooth and arch measurements. The PolyJet and DLP techniques were more precise than the FFF and SLA techniques, with the PolyJet technique having the highest accuracy. (Am J Orthod Dentofacial Orthop 2018;153:144-53) 
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A dvances in digital technology and manufacturing have rapidly changed dentistry. Three-dimensional (3D) printing is the most advanced technology in the manufacturing industry because it shortens manufacturing lead time, reduces required costs, and allows printing of items with complex structures. Thus, it has been implemented in dentistry to manufacture clear orthodontic aligners, implant surgical templates, orthognathic surgical wafers, and provisional crowns.
1,2 Three-dimensional printers produce 3D structures, based on a 3D design file. Three-dimensional printing is an additive manufacturing process in which materials are added layer on layer to produce an object, as opposed to reductive manufacturing in which material is subtracted to produce the object. Rapid prototyping is another term for the additive manufacturing process. 3 Scanning technology could potentially be used to convert plaster models or impressions into 3D digital models. 4 However, physical models are required to fabricate orthodontic appliances. If 3D digital models could be printed with a 3D printer to fabricate a physical model, several steps of the traditional model-manufacturing process could be omitted, thereby shortening the lead time and facilitating the production of multiple copies without distortions of shape. 5 Thermoplastic orthodontic appliances are widely fabricated on the basis of physical models printed by 3D printers. 6 Three-dimensional printed models could also be used to fabricate orthodontic appliances directly. As early as 2006, Ciuffolo et al 7 fabricated a tray for indirect bracket bonding via rapid prototyping for clinical usage. A retainer was recently manufactured using a selective laser sintering (SLS) 3D printer. 8 A virtual wafer has been produced using a stereolithography apparatus (SLA) 3D printer. 2 To use 3D printed dental models for clinical purposes, accuracy of the printed outcome must be ensured. To date, the accuracy of 3D printed outcomes falls short of that produced via computer numeric control processing as a reductive manufacturing process. In some instances, 3D printed products require postprocessing to ensure smooth surfaces. 9 Therefore, the types and features of 3D printers should be considered for appropriate applications in orthodontics.
Few studies have validated the accuracy of 3D printed models. To assess the accuracy of the models, Hazeveld et al 10 fabricated dental models using 3 types of rapid prototyping and measured the size of teeth with digital calipers. They measured only the mesiodistal width and height, but not the buccolingual width. However, the buccolingual width of teeth is also influenced by the method of polymerization and printing, which may affect the fit of individualized trays or orthodontic appliances. Murugesan et al 11 also manufactured dental models using 3 types of rapid prototyping and measured the teeth using digital calipers to compare the accuracy of the models.
The authors of both aforementioned studies used digital calipers to measure the teeth; this might have resulted in measurement errors because it is difficult to find a reference point on the tooth surface. Furthermore, they printed each model from each printer only once and compared the accuracy between models printed by different printers. To address these shortcomings, we established reference points on the teeth and the gingival areas, and applied 3D software to validate the precision and trueness of dental models fabricated by 3D printers.
The purpose of this study was to analyze the precision and trueness of dental models manufactured by 4 types of 3D printers. The null hypothesis was that there would be no significant differences between the printed models fabricated by different 3D printing techniques in precision and trueness.
MATERIAL AND METHODS
The process for design and 3D printing of digital reference models is shown in Figure 1 . A pair of typodont models (D13PP-TR.1; Nissin, Kyoto, Japan), which included 14 maxillary and 14 mandibular permanent teeth, was chosen. The dental models were scanned using a 3D model scanner (Identica Hybrid; MEDIT, Seoul, Korea) with a precision of 67 mm. All scanned files were converted into the stereolithography (.stl) format. An .stl file is a format used by stereolithography software to generate information needed to produce 3D models on stereolithography machines by rapid prototyping processes. 8 To design reference markers on the scanned dental models, the .stl files were converted to CAD files using a 3D modeling software (Rapidform 2006; INUS Technology, Seoul, Korea). To standardize the measurement, 102 half-ball markers (diameter, 1.0 mm) were placed on the 3D CAD models as reference points (Fig 2) . Moreover, to clarify the relative positions of the models for occlusion, semicircular cylindrical notches (diameter, 2.0 mm) were placed at the model base of each maxillary and mandibular central incisor and left and right second molar (Fig 2, B) .
Four types of 3D printers were selected, based on the printing technique: stereolithography apparatus (SLA) technique (ZENITH; Dentis, Daegu, Korea), digital light processing (DLP) technique (M-One; MAKEX Technology, Zhejiang, China), fused filament fabrication (FFF) technique (Cubicon 3DP-110F; HyVISION System, Sungnam City, Korea), and PolyJet technique (Objet Eden 260VS; Stratasys, Eden Prairie, Minn) ( Table I) . The designed reference models were printed using these 4 printers and printed 5 times per printer.
The 3D printed models were scanned using the 3D model scanner. The scanned models were saved as .stl files. The dental models printed via the DLP technique were scanned after applying a scan spray to prevent reflection of light onto the material (Fig 3) .
Tooth, arch, and occlusion were measured using 3D inspection software (Geomagic Control; 3D Systems, Rock Hill, SC). If a half-ball marker was a measurement point, then a measurement was made with reference to the center of the half ball.
Two horizontal reference planes were created to reduce measurement errors. The middle horizontal plane was formed by connecting the 3 half-ball markers at the halfway points of the clinical crown heights of the first molars and right central incisors. The cervical horizontal plane was created by connecting the 3 half-ball markers in the cervixes of the first molars and the central incisors (Fig 4) .
For tooth measurements, the mesiodistal width was measured by the distance between the points perpendicular from the mesial and distal contact points to the middle horizontal plane (Fig 5, A) . The buccolingual width of the reference points was determined by measuring the distance between the reference points at the buccal cervix and lingual cervix. The buccolingual width was measured by using the section through the object function of the Geomagic Control software to obtain a cross-section of the dental model ( Fig 5, B and C), using the middle horizontal plane. The section through the object function shows a 2-dimensional cross-section of a 3D object cut through into a reference plane. The vertical crown height was the distance from the incisal edge or cusp tip of a tooth to the cervical horizontal plane.
For arch measurements, the intercanine width was the distance between the cervical half-ball markers of the canines. The intermolar width was the distance between the cervical half-ball markers of the first molars.
Occlusion was measured on the basis of interarch distances. 12 The maxillary and mandibular models were occluded by the union function of the Geomagic Control software, and the distances between the half-ball markers of the left and right central incisors, canines, and first molar cervixes on the maxillary and mandibular models were measured.
Dimensional differences in tooth, arch, and occlusion measurements among the 3D printed and digital reference models were computed for precision and trueness (Fig 1) . Precision is the closeness of the results of repeatedly printed dental models, and trueness is the closeness of a dental model to a true value (ISO 5725-1). The greater the precision, the more predictable the measurement. A high trueness value is close to or equal to the actual dimensions of the measured object. 13 To determine precision, the 3D printed models were combined to make 10 pairs to compare with each other by technique type. The differences between the 5 pairs of 3D printed models and the reference model were analyzed to determine trueness. For each variable of tooth and arch measurements, root mean square (RMS) values were calculated with respect to precision and trueness. The overall RMS values of tooth, arch, and occlusion variables were also calculated using the following formula:
where x ref is the measurement of the reference model, x i is the measurement of the test model being compared, and n is the total number of measurements.
Statistical analysis
The Shapiro-Wilk test was applied to verify the data distribution. A 1-way analysis of variance was conducted to compare the precision and trueness of the 3D printed models from the 4 types of 3D printers. The Tukey honestly significant difference post hoc test was then performed. The repeatability of the measurements was examined by calculating the intraclass correlation coefficient between 2 measurements taken at 1-week intervals. All statistical analyses were performed using SPSS software (version 21.0; IBM, Armonk, NY). The level of significance, a, was set at 0.05.
RESULTS
All measurements were recorded twice at 1-week intervals to examine the repeatability of the measurements. The intraclass correlation coefficient between the 2 sets of measurements was high at 0.998 (95% confidence interval, 0.998186-0.998478).
In the tooth measurements, there were significant differences between the 4 techniques in the precision of mesiodistal width, buccolingual width of the reference points, buccolingual width, and vertical crown height (P \0.05). For overall tooth measurements, the mean RMS values of precision of the DLP (76 6 14 mm) and PolyJet (68 6 9 mm) techniques were significantly different from those of the SLA (88 6 14 mm) and FFF (99 6 14 mm) techniques (P \0.05). There was no significant difference in the trueness of the mesiodistal width, regardless of the printing technique (P .0.05). However, there were significant differences in the buccolingual width of the reference points, buccolingual width, and vertical crown height (P \0.001). For overall tooth measurements, there were significant differences in mean RMS values of trueness among all 4 techniques: SLA, 107 6 11 mm; DLP, 143 6 8 mm; FFF, 188 6 14 mm; and PolyJet, 78 6 9 mm (P \0.05; Table II) .
The mean RMS values of precision and trueness of all arch measurements differed significantly according to the type of printing technique (P \0.05). For overall arch measurements, the mean RMS value of precision of the SLA technique (176 6 73 mm) differed significantly from those of the DLP (74 6 34 mm), FFF (89 6 34 mm), and PolyJet (69 6 18 mm) techniques. In terms of mean RMS values of trueness of overall arch measurements, the SLA (141 6 35 mm) and PolyJet (86 6 17 mm) techniques differed significantly from the DLP (469 6 49 mm) and FFF (409 6 36 mm) techniques (P \0.05; Table III) .
For overall occlusion measurements, the mean RMS value of precision of the FFF technique (170 6 55 mm) differed significantly from those of the SLA (94 6 33 mm), DLP (120 6 28 mm), and PolyJet (96 6 33 mm) techniques (P \0.001). There was no significant difference in the trueness of the overall occlusion measurements among the 4 printing techniques (P .0.05; Table IV) .
DISCUSSION
We aimed to analyze the precision and trueness of dental models fabricated by 4 types of 3D printers. According to our findings, we rejected the null hypothesis that there would be no significant differences between the 3D printed models produced by these printers in precision and trueness.
The repeatability of the measurements in this study was high, with an intraclass correlation coefficient value of 0.998. It is generally difficult to find a clear reference point on tooth and gingival surfaces for tooth measurements; therefore, we designed 1.0-mm half-ball markers to place on tooth surfaces as the reference points and used them as the standard for the measurements. These reference points may have produced the high agreement in the repeated measurements. Salmi et al 14 also reported high repeatability of measurements in a model measured using a 10.0-mm reference point. Furthermore, we used the half-ball markers as reference points to establish the middle horizontal plane with which a cross-section of a dental model was established for tooth measurements. Moreover, measurement of the mesiodistal width of the crowns is susceptible to error because of the vertical differences in the measurement points. To reduce measurement errors, we measured the distance between the points perpendicular from the mesiodistal contact points to the middle horizontal plane. In addition to examining the actual vertical differences in the 3D printed models, the cervical horizontal plane was created to measure the vertical crown height.
Authors of several previous studies have compared the accuracy of dental models printed from different types of 3D printers. Hazeveld et al 10 compared dental models printed from 3D printers using the PolyJet, DLP, and 3D printing techniques. They found that the differences in the clinical crown heights in the dental models printed with the PolyJet, DLP, and 3D printers were À0.02, 0.04, and 0.25 mm, respectively, and the differences in the mesiodistal widths were À0.08, À0.05, and À0.05 mm, respectively. Authors of another study, 11 who fabricated dental models using 3 types of 3D printers, reported that accuracy was highest for the PolyJet technique, followed by 3D printing and FFF; the dimensional errors were 0.133%, 1.67%, and 1.73%, respectively. 11 Compared with these previous studies, our study showed that the trueness of overall tooth measurements was highest for the PolyJet technique, followed by the SLA, DLP, and FFF techniques, with mean RMS values of 78, 107, 143, and 188 mm, respectively.
In previous studies, differences (millimeters) or dimensional errors (percentages) in measurement were used for comparison of 3D printing techniques. Differences in measurements alternate between positive and negative values. Addition of these values for determining differences or dimensional errors will result in a smaller error than the actual value because the positive and negative values are offset. Therefore, we used RMS values in this study to represent the offset error more accurately. Consequently, our findings are not directly comparable with those of previous studies.
In other fields that use 3D printers, a study that compared 3D skull models printed with the SLS, 3D printing, and PolyJet techniques, indicated that models printed with the PolyJet printer had the smallest dimensional error, followed by models printed with the 3D printing and SLS. 14 In another study in which mandibular models were printed using the SLS, 3D printing, and PolyJet techniques, the dimensional error was smallest for the SLS technique, followed by the PolyJet and 3D printing techniques. 15 The accuracy of 3D Table II . Mean (6SD) RMS values and comparison of RMS values of precision and trueness for tooth measurements and overall discrepancies of 3D printed dental models printers may differ because of different sizes of print outcomes, the 3D printing environment, manufacturing conditions of 3D printers, and research methods used. Our findings indicated that the range of measurement dimensions may influence the trueness of 3D printers. This was evident when we compared the arch widths and interarch distances with the tooth measurements. The mean RMS values for arch width and interarch distances were always greater than those for tooth measurements, regardless of the type of 3D printer used (Fig 6) .
To our knowledge, no previous study has analyzed the precision of 3D printed dental models; therefore, in this study, we repeatedly printed the digital reference models to compare the precision among the 4 types of 3D printers. In this study, the precision of the tooth measurements was highest in the PolyJet group, followed by the DLP, SLA, and FFF groups. In addition, the precision of arch widths was highest in the PolyJet group, followed by the DLP, FFF, and SLA groups. The SLA technique had higher trueness than the DLP technique for tooth measurements and arch measurements; however, it had lower precision.
Dental models printed via a 3D printer are fabricated by slicing a model into several layers and then adding them layer by layer. The SLA technique completes a layer by projecting a laser beam and then curing line by line; therefore, it is prone to error caused by the mirror that moves the laser beam, which is also slow. However, the DLP technique is faster and uses a projector to cure the material layer by layer; this reduces the error associated with repeated printing. When we compared the 2 techniques, the SLA technique, which involves lower x-y resolution and smaller layer thickness, was 12 quantified the trueness of occlusion and defined that an interarch distance with an error of less than 0.5 mm (compared with the gold standard) is a successful occlusion. The range of error (\0.5 mm) was determined based on the clinical validity and the standard set by the American Board of Orthodontics' increments for grading plaster models. In our study, the mean RMS values of all interarch distances were 208 to 260 mm, which were all within an error of 0.5 mm and suggested that the occlusion measurements of the 3D printed models were clinically acceptable. There were also no significant differences between different manufacturing techniques.
When scanning the models, scan spray was applied to the DLP printed models because of their high reflection of light. The DLP group results reflect error that arises from the thickness of the scan spray. For reference, a previous study that compared 3 spray systems suggested that all were clinically acceptable with thicknesses of 25.3, 18.9, and 19.2 mm.
16
No study has examined whether the discrepancies between 3D printed models and a reference model are clinically acceptable. It may be that differences in dimensions between the reference model and the 3D printed models do not affect their clinical applications. 5, 17 Furthermore, a dimension difference of 0.3 mm in dental models may be adequately accurate for orthodontic purposes. 18 However, clinical standards for assessing the accuracy of dental models should be changed, depending on the treatment method. In this context, the dental models printed via the 4 printing techniques in this study may be used for orthodontic purposes. Additional studies are required to assess their clinical efficacy. The increased availability of oral scanners in clinics will expand the scope of applications of 3D printed dental models for fabricating orthodontic appliances. Hence, differences in measurements that occur in these 3D printed dental models will affect the accuracy of the fabricated orthodontic appliance. Martorelli et al 6 reported that aligners fabricated using dental models manufactured from a computer numeric control milling machine have a better fit and stimulate more rapid tooth movement compared with aligners fabricated from 3D printed dental models. However, they did not measure the differences between the 2 dental models and could not perform a quantitative assessment of the fabricated aligners. Invisalign aligners (Align Technology, San Jose, Calif) consist of several aligners with maximum tooth movement in each aligner from 0.25 to 0.3 mm. 19 Thus, the difference in the accuracy of dental models must be smaller than 0.25 to 0.3 mm for the fabricated aligner to exert an orthodontic force on the teeth. An aligner fabricated using a model printed via the FFF technique (mean RMS, 188 mm) would not have the desired orthodontic force, compared with an aligner fabricated using a model printed using the PolyJet technique (mean RMS, 78 mm). Thus, the aligner could not induce precise tooth movement, thereby influencing the treatment outcome. Our findings indicate that 3D printers should be selected based on the trueness and precision required for the specific orthodontic appliance.
Some investigators directly fabricated retainers or trays for indirect bonding with 3D printers; however, no study has examined the accuracy of the printed devices. 7, 8 Thus, follow-up studies are needed to assess the accuracy of 3D printed orthodontic appliances quantitatively.
We did not compare models printed with equal resolutions. We selected 3D printers that are clinically applicable for diagnostic and manufacturing purposes, and for which the print time ranges from 2 to 4 hours per pair of dental models. The resolutions were set based on the print time generally used. We could not use equal layer thickness, x-y resolution, and manufacturing environments for all printers; this limits the generalization of these findings as absolute standards for comparison of 3D printers.
Different types of 3D printing techologies incur different costs. It costs $12.00 to print a model using the PolyJet tehcnique and $1.20 to print a plaster model with the FFF technique, which is associated with RepRap (open source). 5 Since the introduction of 3D printers in 1986, 3D printing technology and materials have advanced continuously. Further progress in technology will reduce the high costs of 3D printing, which is one of the greatest drawbacks of 3D printers. Cost and the accuracy of outcome should be considered when using 3D printers.
CONCLUSIONS
1. There were significant differences in precision of all measurements and in trueness of tooth and arch measurements among the 3D printing techniques. The PolyJet and DLP techniques were more precise than the FFF and SLA techniques, with the PolyJet technique exhibiting the highest accuracy for 3D printing of models. 2. Three-dimensional printing techniques should be selected on the basis of required precision and trueness of the orthodontic appliance.
